Nuclear hormone receptors activate gene transcription through ligand-dependent association with coactivators. Specific LXXLL sequence motifs present in these cofactors are sufficient to mediate these ligand-induced interactions. A thyroid hormone receptor (TR)-binding protein (TRBP) was cloned by a Sos-Ras yeast twohybrid system using TR␤1-ligand binding domain as bait. TRBP contains 2063 amino acid residues, associates with TR through a LXXLL motif, and is ubiquitously expressed in a variety of tissues and cells. TRBP strongly transactivates through TR␤1 and estrogen receptor in a dose-related and ligand-dependent manner, and also exhibits coactivation through AP-1, CRE, and NFB-response elements, similar to the general coactivator CBP͞p300. The C terminus of TRBP binds to CBP͞p300 and DRIP130, a component of the DRIP͞TRAP͞ARC complex, which suggests that TRBP may activate transcription by means of such interactions. Further, the association of TRBP with the DNA-dependent protein kinase (DNA-PK) complex and DNA-independent phosphorylation of TRBP C terminus by DNA-PK point to a potential connection between transcriptional control and chromatin architecture regulation. H ormone-regulated gene activation mediated by nuclear receptors relies on high-affinity interactions between their ligand-binding domains (LBDs) and transcriptional coactivators. Upon ligand induction, coactivators harboring LXXLL motifs are recruited to the target gene promoter as a preformed complex (1-3). The coactivator complex includes CBP͞p300 (4-6), pCAF (7, 8), steroid receptor coactivator 1 (SRC-1) family members (9, 10), an RNA coactivator SRA (11), and an arginine transmethylase CARM1 (12). A biochemically purified DRIP͞TRAP͞ARC complex containing mediator͞srb subunits is also recruited by nuclear receptors in a ligand-dependent manner (13-16). The histone acetylase-containing coactivator and vitamin D receptor-interacting protein (DRIP) complexes then act in concert to remodel chromatin and to regulate gene activation. We report here the identification and characterization of a ubiquitous LXXLL-containing protein, thyroid hormone receptor (TR)-binding protein (TRBP), that acts as a general coactivator. The association of TRBP with a DRIP component and CBP͞p300, as well as the DNA-dependent protein kinase (DNA-PK) complex, suggests an important link between the coactivator complex and DNA-PK function (17).
H ormone-regulated gene activation mediated by nuclear receptors relies on high-affinity interactions between their ligand-binding domains (LBDs) and transcriptional coactivators. Upon ligand induction, coactivators harboring LXXLL motifs are recruited to the target gene promoter as a preformed complex (1) (2) (3) . The coactivator complex includes CBP͞p300 (4-6), pCAF (7, 8) , steroid receptor coactivator 1 (SRC-1) family members (9, 10) , an RNA coactivator SRA (11) , and an arginine transmethylase CARM1 (12) . A biochemically purified DRIP͞TRAP͞ARC complex containing mediator͞srb subunits is also recruited by nuclear receptors in a ligand-dependent manner (13) (14) (15) (16) . The histone acetylase-containing coactivator and vitamin D receptor-interacting protein (DRIP) complexes then act in concert to remodel chromatin and to regulate gene activation. We report here the identification and characterization of a ubiquitous LXXLL-containing protein, thyroid hormone receptor (TR)-binding protein (TRBP) , that acts as a general coactivator. The association of TRBP with a DRIP component and CBP͞p300, as well as the DNA-dependent protein kinase (DNA-PK) complex, suggests an important link between the coactivator complex and DNA-PK function (17) .
Materials and Methods
Yeast Two-Hybrid Screen and TRBP cDNA Cloning. The Sos-Ras yeast two-hybrid system was used to screen a rat pituitary cDNA library, as previously described (18) , except that screen was performed in the presence of 20 M 3,3Ј,5-triiodothyroacetic acid (Triac; Sigma), a hydrophilic 3,3Ј,5-triiodo-L-thyronine (T 3 ) analog. Rat TR␤1-LBD (292-461) was PCR amplified and inserted in-frame with the C terminus of human Sos as bait. The cDNA sequence derived from the screen was used to search the GenBank database with the BLAST program. The partial 3Ј cDNA clone of human TRBP (KIAA0181, anonymous sequence) identified in the computer search was obtained from the Kazuka DNA Research Institute (19) . Based on the partial sequence, the full-length cDNA encoding human TRBP was isolated from HeLa cell mRNA by 5ЈRACE (GIBCO).
Northern Analysis. A Northern analysis using a human multiple tissue mRNA blot (human MTN; CLONTECH) and a randomprimed labeled full-length human TRBP cDNA probe was performed. Rat cyclophilin mRNA served as an internal control.
Antibodies and Immunoblotting. Polyclonal anti-TRBP was prepared in rabbits by immunization with glutathione S-transferase (GST)-rat TRBP-(714-999) fusion protein (Covance; Denver, PA). TRBP antibodies were IgG purified by protein ASepharose (Santa Cruz Biotechnology), according to the supplier's protocol. Anti-Flag antibody (M5) was obtained from Kodak, and anti-DRIP130 was obtained from L. Freedman (14) . Immunoblots were prepared and detected with the ECL system (Amersham Pharmacia).
Immunofluorescence Staining. HeLa cells were fixed with methanol and stained with IgG-purified or affinity-purified TRBP antibody at a dilution of 1:50 and anti-rabbit Cy3-conjugated secondary antibody (Jackson ImmunoResearch) at a dilution of 1:200.
Cells and Transfections. CV-1 and 293 cells (DMEM͞10% FCS) were transfected in six-well plates by the calcium phosphate method. Total amounts of DNA for each well were balanced by adding vector pcDNA3 (Invitrogen). Transfection efficiency was monitored by assaying ␤-galactosidase. The TRE (F2) and 2XERE luciferase reporters have been described (20, 21) . The transfections with TRE and 2XERE reporters were performed in medium with hormone-depleted serum and were followed by treatment with serum-free medium, with or without 10 nM T 3 or 1 M estradiol, for 24 h. The 7XAP-1, 5XNFB, and 4XCRE luciferase reporters, and protein kinase A (PKA) and MEK kinase (MEKK) plasmids were obtained from Stratagene. Human somatostatin gene promoter (nucle- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
otides Ϫ360 to ϩ91) was cloned from HeLa genomic DNA by PCR. Full-length human TRBP and its fragments were subcloned into pcDNA3. Mouse CREB-binding protein (CBP) and human SRC-1 expression plasmids were previously described (6, 9) . Data shown represent means of triplicate transfections Ϯ standard errors. 
Recombinant Proteins and Binding Assays.
In vitro GST binding assays were performed with proteins labeled with [
35 S]methionine by using a TnT coupled reticulocyte-lysate in vitro translation system (Promega). GST fusions were expressed in Escherichia coli BL21(DE3), isolated by using lysis buffer (5 mM Tris, pH 7.4͞5 mM NaCl͞1 mM EDTA͞5 mM EGTA͞1% Triton X-100͞2 mM PMSF͞1 mM DTT), and purified with GST beads (Pharmacia). The immobilized GST protein beads (20 l, 2 g) were incubated either with 5 l of TnT labeled proteins at room temperature for 1 h or with 200 g of nuclear extracts at 4°C for 16 h in the binding buffer [20 mM Hepes, pH 7.4͞50 mM NaCl͞75 mM KCl͞1 mM EDTA͞0.05% Triton X-100͞10% (vol͞vol) glycerol͞1 mM DTT͞10 g/ml leupeptin͞10 g/ml aprotinin͞10 g/ml trypsin inhibitor]. The beads were washed three times with the same binding buffer before being subjected to SDS͞PAGE or immunoblotting analysis.
DNA-PK Kinase Assay. Phosphorylation of TRBP recombinant fragments in vitro by DNA-PK was assayed using the SigmaTECT DNA-dependent Protein Kinase Assay System from Promega with modifications. Briefly, a purified DNA-PK catalytic subunit (cs) and regulatory subunit (Ku) complex from HeLa nuclear extract was incubated with [␥-32 P]ATP, with or without linear doublestranded DNA as activator, and with GST-TRBP fusion proteins as substrates. Labeled GST proteins were washed before being resolved by SDS͞PAGE and autoradiography. The amount of DNA-PK used (5-10 units) in each assay was titrated and determined with a biotinylated p53 peptide substrate bound to streptavidin-cellulose paper. Full-length GST-p53 from Santa Cruz Biotechnology was used as a positive control for DNA-dependent phosphorylation, and GST alone, which is not phosphorylated, was used as a negative control.
Protein Microsequencing. Gel-purified proteins obtained by GST-TRBP-C-(1641-2063) affinity chromatography of HeLa nuclear extract were subjected to sequence analysis performed at the Harvard Microchemistry Facility (HMF). Proteolytic peptides were analyzed by microcapillary HPLC nano-electrospray tandem ion trap mass spectrometry. MS͞MS peptide sequence interpretation was facilitated with the algorithm SEQUEST and programs developed at the HMF.
Results

Isolation of a Ligand-Dependent TR-Interacting Coactivator by the
Sos-Ras Yeast Two-Hybrid System. To identify coactivators that associate with liganded nuclear receptors, we performed a Sos-Ras yeast two-hybrid screen using TR␤1-LBD as bait. This two-hybrid system detects protein interactions in cytoplasm with the advantage of bypassing a transcriptional readout and eliminating the false-positive interference by nuclear factors (18) . The TRBP clone isolated in the presence of ligand showed ligand-dependent interaction (Fig. 1A) . When TRBP, Trip1 (a known TR-interacting clone obtained from our screen) (22) , and c-Fos were compared by using TR-LBD or Jun-DNA-binding domain (DBD) as bait, TRBP and Trip1 bound to TR-LDB but not Jun-DBD. As a control, c-Fos bound Jun-DBD but not TR-LDB. In addition, the binding of TRBP was liganddependent by comparison with the Jun-Fos interaction (Fig.  1B) . Clearly, these results suggest that the binding of TRBP to TR-LDB in yeast is specific and ligand dependent.
The library-derived TRBP clone encodes a novel 286-aa rat sequence with an in-frame LXXLL motif. BLAST search against the GenBank database revealed similarity to an anonymous partial 3Ј human cDNA clone (KIAA0181), isolated and sequenced from KG-1 lymphocytic cells (19) . The deduced primary sequences of human and rat TRBP possess 92% identity and the LXXLL sequence motif is conserved, which suggests the functional importance of the motif. The full-length human cDNA for TRBP was completed by using 5ЈRACE, yielding a Kozak consensus translational start site (ACCATGG) and three in-frame stops in the 5Ј-untranslated region preceding the large open reading frame. This TRBP cDNA predicts a protein encoding 2,063 amino acids with two LXXLL motifs and several Q-rich regions (Fig. 1C) . GST pull-down analysis showed that only the LXXLL motif obtained from the two-hybrid screen was responsible for the association of TRBP to the liganded TR-or retinoic acid receptor (RAR)-LBDs. In addition, mutagenesis studies suggested that this interaction is AF-2 as well as LXXLL dependent (Fig. 1D) . Further database analysis revealed that TRBP is previously unidentified, with similarities to an uncharacterized Caenorhabditis elegans protein and the C-terminal activation domain of CBP͞p300. This latter finding, along with TRBP's interactions with liganded nuclear receptors, suggests that TRBP serves as a coactivator. The TRBP gene (KIAA0181) is located on human chromosome 20q11.22-23.
Ubiquitous Expression of Nuclear TRBP. Expression of endogenous TRBP is ubiquitous (Fig. 2 A and B) . A 9.0-kb TRBP mRNA transcript is expressed in all of the tissues tested (Fig. 2 A) . Consistent with the predicted primary structure, endogenous TRBP protein has a high apparent molecular size (M r ϭ 210,000), with likely low abundance as detected in several nuclear extracts by a high-affinity polyclonal TRBP-specific antibody (Fig. 2B) . The antibody was characterized by immunodetection of in vitro translated TRBP. In addition, immunofluorescent staining of HeLa cells confirmed that TRBP is nuclear in localization (Fig. 2C ).
TRBP Is a Unique General Coactivator. To investigate whether TRBP functions as a coactivator, transient transfection studies were performed with luciferase reporters driven by several different enhancer elements. TRBP potently coactivates a thyroid hormone-response element (TRE) and an estrogen-response element (ERE) in a dose-dependent manner (Fig. 3 A and B) . Because the stimulation was also observed with liganded TRmediated as well as basal transcription, this effect was both ligand dependent and independent. A transfection study with different regions of TRBP revealed that the major activation domain is located at the C-terminal region of TRBP, although the N-terminal region also showed moderate activity (Fig. 3C) . The expression level of each TRBP region was monitored by immunoblotting to ensure that the effect on transcription was not caused by altered protein expression. To assess whether TRBP may also serve as a general coactivator, it was compared with CBP and SRC-1 for activity on several enhancer elements, including TRE, CRE, AP-1, and NFB, and on the human somatostatin gene promoter. Unlike SRC-1, which largely coactivates through nuclear receptors, TRBP and CBP both function on all elements tested (Fig. 3D ). This result indicated that TRBP is not enhancer element-specific but rather functions as a general coactivator similar to CBP. Furthermore, the effects of TRBP and CBP were strongly synergistic, suggesting that these two general coactivators may act cooperatively to activate the transcription of a variety of promoters.
For further insight into the structure and function of TRBP, a secondary structure analysis using the Jpred͞PHD program was performed. Study of CBP͞p300, SRC-1, and pCAF revealed the presence of structured ␣-helices and ␤-strands among their histone acetyltransferase (HAT) and transcription factorbinding domains, whereas the C-terminal activation domain of CBP͞p300 is predicted to be unstructured, or to display disordered structure in solution. Strikingly, TRBP, with a high percentage of proline, glutamine, serine, and hydrophobic residues, a common feature seen in transcriptional activation domains (23) (24) (25) , is predicted to be largely unstructured. Of particular note, the only predicted structured region of TRBP is present at its extreme C terminus with ␤-strands (data not shown). This observation suggests that the C terminus of TRBP may serve as a structured domain that interacts with promoterbound components to confer coactivator function to TRBP.
TRBP Associates with DNA-PK Complex, and Phosphorylation of TRBP
C Terminus by DNA-PK Is DNA Independent. The transfection results and the predicted secondary structure suggested that TRBP might associate with nuclear proteins involved in transcription regulation. Because TRBP is present in very low abundance in vivo, recombinant TRBP fragments were used to augment the detection of interacting proteins in nuclear extracts. A distinct set of TRBPassociated proteins, specifically bound to the C terminus but not the other regions of TRBP, was detected. Similar patterns of binding proteins were observed in both HeLa and GH 3 nuclear extracts (data not shown). Microsequencing of five bound proteins from HeLa nuclear extract yielded their identities, with each having more than 20 proteolytic peptide fragments matched to a single known protein. These five proteins are human DNA-PK catalytic subunit (DNA-PKcs), DNA-PK regulatory subunits (Ku70 and Ku86), poly(ADP-ribose) polymerase (PARP), and DNA topoisomerase I. DNA-PK regulatory subunits were particularly abundant (Fig. 4A) . PARP is the only nuclear chromatin-associated ADP-ribosylating enzyme, and its targets include histone and DNA topoisomerase. PARP stimulates DNA-PK kinase activity and can be directly phosphorylated by DNA-PK (26-28). DNA-PK was originally characterized as a DNA-dependent protein kinase requiring double-strand DNA ends as cofactor. Recently, DNA-independent activation of DNA-PK by a protein factor has also been reported (29) , and the proposed roles of DNA-PK in transcriptional regulation besides recombination and double-stranded DNA repair are increasing. The high avidity of the TRBP C terminus for the multiple DNA-PK͞PARP complex components from nuclear extract suggests that TRBP may associate with the entire complex in vivo. In additional to its interaction with DNA-PK complex, TRBP was found to be a potent substrate of purified DNA-PK in vitro.
When each TRBP region was tested, the major phosphorylation site(s) was located at both the LXXLL-containing middle region (residues 714-999) and the C terminus of TRBP (residues 1237-2063 and 1641-2063) (Fig. 4B) . GST alone was not phosphorylated by DNA-PK, suggesting the phosphorylation occurred only at TRBP. Notably, the phosphorylation of the middle region is DNA dependent and C-terminal phosphorylation is DNA independent compared with p53, a known DNA-dependent substrate (Fig. 4C) . These data suggest that the association of TRBP C terminus with the DNA-PK complex can induce kinase activity without DNA. The in vivo physiological substrate for this DNA-independent kinase activity is not yet known. Nevertheless, DNA-PK associates with and direct phosphorylates coactivator TRBP and is potentially activated by TRBP, indicating that DNA-PK might be a the key nuclear protein kinase involved in transcriptional regulation.
TRBP Associates with DRIP130 and p300. To detect other proteins from a coactivator complex that is bound to TRBP, Western blotting was performed with a DRIP130 antibody. DRIP130, a component in DRIP complex associated with the liganded nuclear receptors, is shown to interact with high affinity to TRBP by means of its C terminus. This finding suggests that TRBP interacts with the DRIP complex (Fig. 5A) . Moreover, the TRBP C terminus binds to p300 (Fig. 5B) , in a likely direct interaction (Fig. 5C ). This feature might explain the synergistic effect of wild-type TRBP and CBP in transient transfection experiments (Fig. 3D) . As TRBP does not possess inherent HAT activity (data not shown), and lacks the typical HAT secondary structure (30) , the association with CBP͞ p300 may permit TRBP to recruit HAT activity during activation. Taken together, these results indicate that TRBP may exert its general coactivator function by participating in coactivator and chromatin remodeling complexes. GST alone and GST-TR-LBD were used as negative controls. (C) DNA-PK phosphorylation of TRBP C terminus is DNA independent. DNA-PK kinase assay was performed with (ϩ) and without (Ϫ) linear double-stranded DNA by using TRBP C-terminal (residues 1237-2063 and 1641-2063) or TRBP middle region (residues 714 -999) GST fusion proteins as substrates. GST alone and GST-p53 are negative and positive controls, respectively.
Discussion
Coactivators act as members of large complexes rather than as individual factors (1, 2) . The collaborative action of coactivators with overlapping and distinct properties results in the targeting to common transcription machinery. TRBP, although deficient in HAT activity, may still serve as a general coactivator through its interaction with the coactivator complex. Secondary structure analysis of TRBP suggests a high degree of activation domain character that is distinguishable from CBP͞p300 and SRC-1, indicating its nature as a unique coactivator. After we submitted this manuscript, we noted that there are two additional identical TRBP human clones (ASC-2 and RAP250) (31, 32) . ACS-2 was isolated as a previously identified gene amplified in human breast cancer (AIB3) (31) . The involvement of CBP, SRC-1 family members, and TRBP͞ASC-2 in gene rearrangement or amplification in cancer suggests that TRBP is also a bona fide coactivator that profoundly affects transcription when altered.
Chromatin remodeling is essential and integral to DNA replication, double-strand DNA repair, and transcriptional control (33) . DNA-PK, a nuclear serine͞threonine kinase required for double-strand DNA repair, has been implicated as a factor in chromatin remodeling and transcriptional activation. DNA-PK complexes have been shown to phosphorylate polymerase II CTD and other transcriptional factors (34) . Recent data suggest that protein phosphorylation by DNA-PK may produce multiple effects, such as silencing heterochromatin in yeast, stimulating general transcription after initiation (35) , and regulating chromatin integrity and architecture (36) . TRBP provides the evidence for an association between a general coactivator and the DNA-PK complex.
In sum, TRBP (i) is a ubiquitous nuclear protein with a functional LXXLL motif; (ii) has homology with the activation domain of CBP͞p300; (iii) is a transcriptional coactivator for a broad spectrum of enhancer elements including TRE, ERE, CRE, AP-1, and NFB; (iv) synergizes with CBP; (v) lacks inherent HAT activity; and (vi) possesses a C terminus with strong capacity for interaction with the DNA-PK complex, CBP͞p300, and DRIP130. Thus, TRBP is a general coactivator, which may serve as an important component in the general transcriptional machinery. 35 S-labeled p300 fragments were tested for binding to GST and GST-TRBP-(1641-2063). Bound p300 was detected by SDS͞PAGE and autoradiography. Input was 20%.
